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The control and prediction of complex chemical
systems is a difficult problem due to the nature of the
interactions, transformations and processes occurring.
From self-assembly to catalysis and self-organization,
complex chemical systems are often heterogeneous
mixtures that at the most extreme exhibit system-level
functions, such as those that could be observed in a
living cell. In this paper, we outline an approach to
understand and explore complex chemical systems
using an automated droplet maker to control the
composition, size and position of the droplets in a
predefined chemical environment. By investigating
the spatio-temporal dynamics of the droplets, the
aim is to understand how to control system-level
emergence of complex chemical behaviour and even
view the system-level behaviour as a programmable
entity capable of information processing. Herein, we
explore how our automated droplet-maker platform
could be viewed as a prototype chemical heterotic
computer with some initial data and example
problems that may be viewed as potential chemically
embodied computations.
1. Introduction
The implementation of unconventional computing using
a chemical system has a relatively long history in the
field. Kuhnert [1] was one of the first people who demon-
strated the computing capability of chemical reactions
for image processing. In chemical unconventional
2015 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.
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computing, excitation waves of the Belousov–Zhabotinsky (BZ) reaction are often employed to
implement computing systems. For example, Fredkin & Toffoli [2] have shown that various types
of logic gates can be implemented in a similar way to a collision-based, billiard-ball computer.
The BZ reaction has also been known to be capable of planning optimal paths, such as maze
solving [3], robot navigation [4] and computation of a Voronoi diagram [5]. These systems
demonstrate the computational capabilities of chemical systems to carry out computations in a
distributed fashion by exploiting the massively parallel potential of chemical systems. However,
one grand aim is to exploit the computational potential of molecules from parallel assemblies,
to interacting ensembles, down to the individual molecule without direct addressing. While
most ‘conventional’ implementations are mostly done in a bulk solution, water-in-oil (W/O)
droplets have been increasingly used to compartmentalize the BZ reaction in recent years [6–8].
Such compartmentalized chemistry has also been employed to implement chemical computers:
Tompkins et al. [9] used W/O droplets encapsulating the BZ reaction to test Turing’s theory
of chemical morphogenesis. This is because BZ W/O droplets are shown to be capable of
constructing Boolean logic gates as well as circuits by limiting the propagation of excitation
waves to occur only at the interface between droplets [10,11]. Experimental implementations of
chemical logic circuits using BZ droplets have also been partly done [12]. BZ reaction vesicles,
which encapsulate the BZ reaction in vesicle membranes, have been theoretically conceived, but
have yet to be implemented experimentally [13,14].
In relation to the heterotic computing framework, little work has been done in chemical
unconventional computing. This is partly due to the difficulty in controlling the nonlinear
behaviour of excitation waves, which propagate in all directions uniformly without control.
However, it has been shown that the BZ reaction can be optically controlled by incorporating
light-sensitive molecules, such as ruthenium complexes, in the reaction mixture and shining
visible light onto it [15]. Exploiting the light sensitivity of the BZ reaction, Toth et al. [16,17]
have demonstrated the coevolution of a cellular automata-based controller and the BZ reaction
medium to construct collision-based logic gates, such as AND, NAND and XOR. The system
could be viewed, in terms of the heterotic computing framework, as a coupled system of
conventional computing (evolutionary algorithm) and unconventional computing (BZ reaction
medium) components. However, the chemical medium was treated as a fixed component
due to the difficulty of exchanging subcomponents (i.e. the chemicals involved in the BZ
reaction). This results in a lack of programmability for an unconventional computing system.
To overcome the issue, we have introduced a robotic liquid-handling platform to dynamically
change the composition of chemical components. This would be expected to greatly increase
the programmability and therefore improve the computing capability as well as the flexibility
of chemical unconventional computers.
2. Results and discussion
We suggest a heterotic computer that has two distinct physical systems. The first physical
computing system is a robot capable of chemical manipulations which we have described in
previous work [18]. The scheme for the operation of the computation system is shown in figure 1.
After the initial input to the robot, it changes states and the output of the altered state of the robot
allows for the chemistry to be set in motion in the second physical system, the droplet system.
The different variables that the robot controls in the chemistry of the system are the inputs to it.
These inputs along with the physical and chemical rules determine the outcome of the droplets.
Although the chemistry is stochastic, there are behaviours that are exhibited by the droplets which
are repeatable and reliable [19]. The behaviours are the outputs of the droplet system which can be
analysed and extracted to serve as inputs for the robot, which will use a model to give new inputs
to the chemical system. It is worth noting that this can be seen as having the inputs change the
system’s configuration, which then changes the inputs and so on, a basic principle in computing.
This cycle can be repeated until the calculation has been done and the abstract layer decodes the
output into the abstract solution.
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Figure 1. Schematic of the two interacting computing systems. First, the robot is input a sequence to be executed that changes
the robot into state robot′. The output of this state in encoded as the input for the droplet system. The droplets behave according
to the chemical rules to form the state droplet′. The output is read by the robot, which uses that input tomove to another state.
This sequence repeats until the computation is done and the output is passed on.
In order to construct this computational system, there is first a need to understand and
create a model that can use the physical rules of the robot and droplet system in a reliable and
deterministic fashion. We should be able to achieve this initial goal as the robot and the chemistry
it creates are both controllable and measurable. We have already shown that we are able to use
feedback control and genetic algorithms in combination with the high repeatability enabled by
the robotic control of the chemical system to target specific behaviours. Being able to choose the
outcome of a combined chemical and physical system means that, even if the underlying rules
are not yet understood, the predictable manner by which they can now be investigated will allow
for clarification of the dynamics of the system. The predictability as well as the ability to tune
the behaviour of the system will also help elucidate the relation connecting the abstract layer to
the computational layer, in this case a heterotic combination of a chemical manipulation robot
and a chemical droplet system. In the following section, we will first overview our integrated
robotic platform for forming oil-in-water (O/W) droplets, called dropletbot. When combined with
evolutionary computing, the system allows us to ‘program’ the behaviour of O/W droplets. We
then show that such programmed droplets can be potentially employed to implement computing
systems, such as logic gates and cellular automata.
3. The robot
The platform used in this research as an automated medium for applying unconventional
computer paradigms to droplet-based chemistry is based on a RepRap [20] three-dimensional
printer, in which the thermoplastic extruder was replaced with a liquid-handling carriage and
the X- and Y-axes were elongated in order to obtain a bigger working space. Some other
minor changes required adding a camera to monitor the experiments, and moving most of
the mechanical elements to the sides in order to avoid visual collisions with the running
experiments. The robot can be seen in figure 2. Most of the mechanical and liquid-handling
elements were designed and three-dimensionally printed using a RepRap three-dimensional
printer (the thermoplastic material used was polylactic acid), which means that, if there is a
need for modifications in order to introduce new technical capabilities, new elements can be
easily three-dimensionally printed and attached to the robot. More information about the robot’s
construction and capabilities can be found elsewhere [18].
The platform itself consists of four different domains. The first is a series of liquid pumps
(figure 2a) which connect the chemical reactants to the robot’s liquid-handling carriage. The
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Figure 2. The fully automated platform can be seen in the background, with the liquid pumps and reactant bottles to the left,
the working space with the liquid-handling carriage in the centre, and the electronics and computer to the right. The liquid
pumps (a) and the moving carriage are used to pump the reactants to the 96-array well plate (b) after positioning the outlet
above each desired well. Each well contains amagnetic stirrer to mix the formulation. The carriage (c) is also equippedwith the
automated syringe, which takes up the mixture from the designated well, and then generates the set of droplets in the Petri
dish (d). Once this process is finished, the camera will record everything that happens during the experiment.
second is the droplet maker, which consists of a 96-array well plate (figure 2b), to which the liquid
is added by the pumps; each well is equipped with a magnetic stirrer and an automated syringe,
which takes up the liquid from a well plate (figure 2c) and generates droplets using mechanical
pulses from a servo motor. The third is the experimental arena, which consists of a glass Petri
dish (figure 2d), where the droplets are generated, and a video camera, which monitors and
records the experiments. Finally, the last domain is the electronic hardware, which in our case
consists of two Arduino Mega boards to control the pumps; the stepper motors which move the
robot in the X–Y plane; the automated syringes; and a conventional computer, which generates
‘g-code’ instructions for X–Y carriage movement, based on an algorithm, and then sends them to
be executed.
The platform works by starting with the computer designing one experiment. In our case, this
means deciding the reactants which are going to be part of the experiment, and the quantities
of the reactants, as well as the number of droplets, their sizes and their positions. In most
cases, the size of the droplets was fixed at 5µl, the population size at four droplets and the
positions at four different points distributed in a square shape within the Petri dish. The droplet
composition was based on four reactants (1-octanol, diethyl phthalate (DEP), 1-pentanol and
either dodecane or 1-octanoic) mixed in different ratios, and the aqueous phase was a fixed
solution (tetradecyltrimethylammonium bromide (TTAB), pH 13) with a fixed liquid quantity
per experiment. Once the computer defines all the parameters to perform the experiment, this
information is sent to the Arduino boards, which act as robotic controllers. The first action is to
fill the Petri dish with the aqueous phase. The robot moves its carriage over the Petri dish, and the
relevant pump fills the Petri dish. The next step is to generate the compositions of the droplets.
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Table 1. This shows the physical inputs and measured outputs for the droplet robot.
droplet inputs/ droplet droplet droplet
environment inputs robot output expression behaviours measures
four chemical
volumes; 12 bit
space; pH of
aqueous phase;
additives in the
aqueous phase
population of
droplets; total
volumes fixed
droplets
interact with
each other and
environment
motion; division;
rotation
pixels moved;
number;
degrees
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The robot moves its liquid-handling carriage over a defined position in the 96-array well plate,
and the pumps are actuated to pump the liquid from the reactant bottles to the chosen well.
Once the mixture is prepared, a magnetic stirrer mixes everything for a few seconds, and then the
automated syringe extracts some of the mixture. The syringe is then moved over to the Petri dish,
where it is lowered so that the tip of the needle is just over the air–aqueous interface, and four
droplets are formed by generating pulses with a servo motor. After the four droplets are placed
over the aqueous phase, a white background covers the Petri dish, and the experiment starts.
The camera records everything that happens inside the Petri dish for 60 s. Once the experiment is
finished, the Petri dish is cleaned. To do this, the Petri dish is automatically washed three times
with acetone, followed by three washes with the aqueous phase. While the Petri dish is cleaned
with acetone, the syringe is also cleaned. Once this experiment is finished, information from the
experiment is sent back to the computer, and the computer defines a new experiment.
4. The droplets
Our droplet system is based on O/W emulsions. Both the aqueous phase and the oil phase contain
surfactant molecules. In the aqueous phase, there is a fixed quantity of TTAB, pH 13. In the oil
phase, there is a mix of different oils: 1-octanol, DEP, 1-pentanol, dodecane or 1-octanoic. Our
droplets have a size of 5µl, and the Petri dish where they are placed contains 2 ml of aqueous
phase. The dynamics of the system are mostly based on Marangoni effects [21–23], where the
different oils that assemble the droplet dissolve into the aqueous phase in different ratios, creating
localized instabilities within the oil–water interface; these act as precursors to the pattern of
behaviours we obtain in our droplet experiments.
5. Using ‘in silico’ algorithms to program droplets
As explained above in the description of the robot, the robot itself is connected to a computer
which defines the experiments by setting the input variables for the droplet system. In our
platform, the input variables are: the ratio and composition of reactants, which includes the oil
and water phases; several basic chemical properties, such as the pH of the aqueous phase; the
order in which the reactants are added to the mixture, as well as the time between addition steps;
the wait period after all the reactants are added, which defines the length of time that the solution
is mixed using the magnetic stirrer; the number and size of the placed droplets; the duration
of the experiment; and any online modifications to the experiment such as changing the pH or
adding any materials that will promote chemotaxis. From a single droplet experiment, we obtain
the position of the droplet in every frame, and some analytical measurements such as changes of
pH or spectral analysis. Using the droplets’ positions over time, basic system dynamics can be
easily calculated, such as their speed, turning angle, divisions or fusions (table 1).
This information sent from the computer to the robot, and then back to the computer, can be
used to program the droplet system as described. In our case, by ‘programming a droplet’ we
mean to define a droplet composition which will manifest a given behaviour. By behaviour, we
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Figure 3. A schematic diagram of the robotic platform coupled to an optimization algorithm. A computer (top left) generates a
number of input ‘formulations’ (top right), andeach formulation is testedasdroplets in aPetri dish (bottomright). Thebehaviour
of the droplets is monitored by a camera mounted under the dish and trajectories of the generated droplets are analysed in a
computer to generate formulations for the following round of droplet chemistry.
refer to any kind of physically dynamic manifestation, such as moving in a certain pattern, with a
certain speed, or to divide, split, bounce around the Petri dish walls, collide with each other, and
so on. It is important to note that the chemistry chosen will define the droplets’ reaction space,
and this in turn will determine how the droplets are to be programmed. Not every set of chemical
variables will manifest the same set of behaviours. This is important as the state-space defined
by chemical reactions, as well as material behaviour, will be vast with trillions upon trillions of
possible states. Therefore, exploration of the state-space using an algorithm can assist the robot
to navigate through this reaction space; see figure 3, in which the computer defines the desired
function. Based on the previous data generated in relation to this function, a new experiment is
defined, the reactants are chosen and a set of droplets is placed on a Petri dish. The experiment
is monitored, and, when it is completed, the results of the physical computation are sent back
to the computer; the computer then calculates the difference between the desired function and
the actual function as defined by the droplets in the Petri dish. Using this error, the computer
introduces variations on the experiment formulation, which is repeated, and its results are tested
again against the desired function. This iterative process continues until the functions converge
to some defined value. At this point, the computer has succeeded in programming the droplets
to have some defined functionality.
An example of this process applied to real experiments can be seen in [18], where a genetic
algorithm was used to navigate a defined reaction space and optimize droplet formulations to
produce a set of fitness functions. Figure 4 shows the droplet trajectories for 1 min experiments
for three different fitness functions: division, movement and vibration. For each fitness function,
snapshots of generation 1 and generation 20 are shown. In a genetic algorithm, generation 1 is
usually completely random, while generation 20, as in this case, uses all the information generated
during previous generations to navigate the reaction space to the point where the set fitness
function localizes a global or local maximum. Once all the data are collected and the fitness
functions are evolved to their best value, the robot knows how best to program droplets to achieve
each possible fitness function. In our previous research, a genetic algorithm was used, but any
other kind of artificial intelligence or optimization method would work, to enable programming
of a droplet-based system.
6. The computations
Although at present we have been using the droplet robot, as presented here, in an observational
mode, and also optimizing behaviours using an algorithm, we now outline some possible ‘model’
computations that we believe this platform sets the ground work for. Firstly, we propose that
the dropletbot can be used as a platform to physically implement automata. In this scenario, we
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(b)
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Figure 4. Trajectories of droplet movements in a Petri dish every five generations from the first generation (left) to the
twentieth generation. (a) Dividing droplets, (b) moving droplets and (c) vibrating droplets.
waste/outlets
inlets
4 cm
+
1 cm
×20
Figure 5. A possible scheme for digital calculations with droplets of differing chemistries. Allowing for four inputs of droplets
and monitoring the four outputs, it would be possible to measure the resulting chemical reactions taking place when the
droplets combine at the different junctions. The two photographs on the right are three-dimensionally printed devices at two
different scales implementing the schematic design.
consider the system of robot and inputs as state 0, then we place a droplet which makes the
system go to state +1, +2, . . .n, based on the rules of physics and chemistry. We will then control
state 0 to make droplets generate different states as we have recently shown [18]. In chemical
droplets it is quite easy to increase the system complexity by having built-in chemical reactions in
the droplets. For instance, a droplet with chemical component a is fused with another droplet
containing component b, which results in the chemical reaction a + b (or no reaction at all if
so designed). By selecting a series of chemistries that could change the physical properties (e.g.
colour, motility, division and rotation), the complexity of the droplet system can be increased
exponentially. In this set-up, the robot behaves like a stack calculator, where you always have
a ‘parent droplet’ and program fusion of other droplets into an existing droplet in order to
perform operations. This could be done either simply in a Petri dish or in a more controlled
way, such as in microfluidics or a three-dimensional printed device. For example, it is very well
known [24] that droplet fusion and division can be achieved by restricting the geometry of the
droplet environment in a microfluidic device. In our macroscopic droplet environment, this can be
possible using three-dimensional printed droplet trials, as shown in figure 5. In this case, droplets
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Figure 6. The use of the dropletbot to conduct experiments with droplets with different chemistries in a Petri dish where the
syringe is adding chemicals to affect the behaviour of the droplets by creating the gradient conditions needed for chemotaxis
to occur.
that have already been programmed are introduced from inlets on the channels. The droplets
are sequentially collided one by one and computation can be carried out by mixing the internal
contents of the droplets and an output is read at the outlet. Such a droplet-based collision system
enables us to implement logic gates (collision-based computing [2]).
Alternatively, chemical computation can be carried out in a Petri dish with freely moving
droplets as in figure 6. As shown above, the robot can introduce droplets to the dish. Although
droplets would move autonomously and stochastically, multiple numbers of droplets could be
introduced and their statistical behaviour interpreted as computations. This could be done with
pre-programmed droplets equipped with defined chemistry: the droplets would be programmed
for a given behaviour using an optimization algorithm as outlined above. In this scenario, the
robot would trace the path of the droplet and the droplets would go through that path and collide
and merge with each other. By adding more droplets and more paths, more collisions would be
engineered and the robot could even be used to intercept and remove a proportion of the droplet
volume to ensure that the droplet entities conform to a standard size. Finally, by changing the
droplet population, for example a computational environment with many droplets and droplet
types, the formulation of the droplet would allow rules to be applied to both predicting and
understanding which droplets would be able to merge upon collision (figure 6). In this way, the
robot would be truly programming the chemistry as the droplets would control the sequence
of reactions autonomously, as well as changing other parameters such as pH, adding chemical
gradients for chemotaxis, or by removing and adding other members to and from the population.
7. Conclusion
One of the key elements of heterotic computing is to take advantage of the unconventional
computing substrate rather than forcing the substrate to compute, often with great programming,
technical and power constraints. However, we are so familiar with conventional computing
architectures, driven by digital logic on a silicon substrate, that finding the correct process to
convert potential natural computing architectures that take advantage of the laws of physics,
chemistry and biology will require a new abstract ‘translation’ framework for constructing
the computation [25]. In order to completely understand how to construct a new theory for
computation, and then explore how existing physical systems may be better for one type of
problem as opposed to others, we need to rigorously define the practical considerations for
carrying out a computation. In this contribution, we have outlined a hybrid robo-chemical
platform. In previous work, we started to explore this process by considering whether
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nano-cellular electron storage systems could be used as cellular automata [26]. In that case, we
hypothesized that, rather than having a universal set of laws, the physical constraints would
define the local rules for the crystal-CA. Our droplet robot promises to be much more flexible
insofar as the droplet compositions can be defined automatically, the environment modified,
as can any image recognition and algorithmic optimization process. By being able to program
many different chemical reactions, physical behaviours and link the two, the dropletbot has great
potential to be used as a heterotic chemical computer. In further work, we are going to explore a
range of embodied optimization problems that take advantage of the massively parallel nature of
the molecular state-space, the stochastic properties and also the possibility for engineering several
physical processes. The challenge will be to recognize where the system is truly computing, and
then whether the computing process is faster, less expensive, more adaptable, with fewer layers
and easier to program than current multi-layered digital computer systems.
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